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ABSTRACT
MODOMICS, a database devoted to the systems
biology of RNA modification, has been subjected
to substantial improvements. It provides compre-
hensive information on the chemical structure of
modified nucleosides, pathways of their biosynthe-
sis, sequences of RNAs containing these modifica-
tions and RNA-modifying enzymes. MODOMICS
also provides cross-references to other databases
and to literature. In addition to the previously avail-
able manually curated tRNA sequences from a few
model organisms, we have now included additional
tRNAs and rRNAs, and all RNAs with 3D structures
in the Nucleic Acid Database, in which modified
nucleosides are present. In total, 3460 modified
bases in RNA sequences of different organisms
have been annotated. New RNA-modifying enzymes
have been also added. The current collection of
enzymes includes mainly proteins for the model
organisms Escherichia coli and Saccharomyces
cerevisiae, and is currently being expanded to
include proteins from other organisms, in particular
Archaea and Homo sapiens. For enzymes with
known structures, links are provided to the corre-
sponding Protein Data Bank entries, while for
many others homology models have been created.
Many new options for database searching and
querying have been included. MODOMICS can be
accessed at http://genesilico.pl/modomics.
INTRODUCTION
Numerous chemical changes in RNA nucleotides
are introduced by enzymatic modiﬁcations in the process
of RNA maturation. The location and distribution of
various types of modiﬁcation vary greatly between diﬀer-
ent RNA molecules, organisms and organelles. Recent
discoveries document that this ﬁeld has developed
rapidly. Modiﬁcations have been found to occur in
microRNA (1). New modiﬁcations (i.e. new chemical
structures) have been found (2), and biosynthesis
pathways of known modiﬁcations have been elucidated
(3). In many cases, the biochemical and physiological
roles of modiﬁcations have been found, e.g. in the decod-
ing process for modiﬁcations in tRNA (4). Finally,
numerous new RNA-modifying enzymes have been
identiﬁed, including a number of rRNA methyltrans-
ferases (5–7).
To adequately represent this rapid accumulation of
knowledge, we have added both to the variety and
volume of data in the MODOMICS database. The
most signiﬁcant improvements are addition of modiﬁca-
tions in rRNA with their positions, updates of the
according modiﬁcation enzymes and pathways, 3D
structures of modiﬁcations and structures of many mod-
iﬁcation enzymes, including a collection of homology
models for enzymes with no experimental structure
available. The data has been formalized to a higher
extent, resulting in development of an ontology for
modiﬁed bases, and ﬂat ﬁle parsers that make the
data more accessible for batch download and further
analyses.
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The MODOMICS database (http://modomics.genesili
co.pl) was developed to house and distribute collections
of RNA modiﬁcation pathways, chemical structures of
modiﬁed nucleosides, RNA sequences containing these
modiﬁcations and enzymes responsible for individual reac-
tions. MODOMICS was created as a single resource to
organize and present all these data in a convenient and
easily understandable way. An overview of the data stored
in MODOMICS is given in Figure 1.
MODIFICATIONS
At present, MODOMICS contains 119 diﬀerent modiﬁca-
tions that have been identiﬁed in RNA molecules.
A typical database entry for a modiﬁed nucleoside pre-
sents basic chemical properties, the phylogenetic distribu-
tion (with respect to Domains of Life), and the type of
RNA where the modiﬁcation is found. The list of modiﬁ-
cations can be browsed by their names, the standard bases
from which they originate, and the chemical groups they
contain. The available details contain full and short
names, the sum formula, and—to facilitate MS analyses
of modiﬁed RNA—their monoisotopic and average
masses. The chemical structures of modiﬁed nucleosides
are represented by 1D SMILE codes, 2D structure plots
and 3D structures in the Protein Data Bank format dis-
played interactively on the website by a Jmol applet.
Reactions linking a modiﬁed nucleoside to its precursor(s)
are annotated separately. Each reaction is speciﬁed by a
chemical type (methylation, aminoacylation, etc.), and the
Figure 1. Contents of the MODOMICS database. (a) Detailed report on the modiﬁcation mnm5se2U. (b) A fragment of the uridine modiﬁcation
pathway. In addition to A, C, G and U, a separate graph for queuosine is available. (c) Six of 124 modiﬁcation enzymes, as seen on the web. (d) The
methylation of m
6A (6A according to the new nomenclature) to the hypermodiﬁed base m
6,6A (7A). (e) Three out of 28 model structures for
modiﬁcation enzymes: E. coli MnmA; tT.Eco.MnmA according to the new nomenclature); E. coli TruC (tP.Eco.TruC); E. coli Tgt (tG.Eco.Tgt)).
(f) New nomenclature for modiﬁed bases and modiﬁcation enzymes. (g) Alignment of tRNAs with modiﬁed positions indicated. (h) Chemical
structures of the chm
5U (36U) and i
6A (19A) modiﬁcations.
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substrates. Because a single nucleotide can be modiﬁed
more than once—leading to hypermodiﬁed nucleosides—
the reactions form complex pathways. In MODOMICS,
pathways originating from a particular nucleoside can
be viewed as a whole, or the users can ‘zoom’ onto sub-
pathways involving a particular modiﬁcation.
RNA MODIFYING ENZYMES
MODOMICS contains information about more than 100
diﬀerent enzymes and co-factors determined experimen-
tally as well as those predicted based on various predic-
tions. The current collection of enzymes includes mainly
proteins for model organisms Escherichia coli and
Saccharomyces cerevisiae, and is currently being expanded
to include proteins from Archaea and Homo sapiens.
It must be emphasized that amino acid sequences are
known for most, but not all enzymes that have been char-
acterized biochemically or whose existence is predicted
based on the knowledge of a reaction product. For some
known or putative biochemical activities, the correspond-
ing genes or open reading frames (ORFs) have been only
predicted, e.g. with bioinformatics methods, and such
cases are indicated in the MODOMICS database. The
catalogue of enzymes can be browsed by organism and
type of reaction (deamination, pseudouridine formation,
etc.). Database entries concerning individual enzymes con-
tain name(s) and synonyms and information about the
catalyzed reaction. Each enzyme is also linked to literature
articles describing its characterization. If sequences are
available, the name of the corresponding ORF and acces-
sion numbers for the Swiss-Prot (8) and NCBI (9) data-
bases are provided. Enzymes with experimentally
determined structures are linked to appropriate entries in
the Protein Data Bank (10). We also provide homology
models for some of the modiﬁcation enzymes for which
the 3D structures have not been solved experimentally.
Most of the models have been taken from the literature,
others have been constructed based on a hybrid protocol
comprising fold recognition, comparative modeling and de
novo modeling (11). Models can be viewed with a Jmol
applet or downloaded in the PDB format from the
MODOMICS website.
RNA SEQUENCES
MODOMICS provides RNA sequences with modiﬁca-
tions. For large families of homologous RNAs multiple
sequence alignments are available. The original release
of MODOMICS contained only a small set of tRNA
sequences curated by hand. Recently, we have expanded
our database to include further tRNA and tDNA
sequences from the Bayreuth database (12), with modiﬁ-
cations curated manually, and rRNA sequences from the
Comparative RNA Website (13). For rRNA sequences,
we used data from the The Small Subunit rRNA
Modiﬁcation Database (14) and from published analyses
concerning modiﬁcations in both ribosomal subunits. In
both cases, only these sequences were included, where the
presence of modiﬁcation had been conﬁrmed experimen-
tally. Altogether, MODOMICS contains over 200 cyto-
plasmatic and mitochondrial tRNA sequences, 32 small
ribosomal subunit sequences and 27 large ribosomal sub-
unit sequences. Sequences are visualized with all modiﬁca-
tions highlighted linked to the according modiﬁcation
record. The secondary structure based on RFAM is indi-
cated for each alignment. The alignments can be down-
loaded in plain text format.
Nomenclature
The names of modiﬁed bases have been a matter of con-
troversy. The IUPAC-conform names have been used with
many variations; they however lead to problems when
used in plain text sequences, PubMed abstract and other
machine-centric data formats, as the formatting such as
superscripts and subscripts is easily lost or confused.
A system of one-letter abbreviations has turned out too
limited when the number of modiﬁcations exceeded the
number of available ASCII characters. To address this
problem, a new simple nomenclature system for modiﬁca-
tions has been proposed in the course of a round-table
discussion at the conference in Aussois (Rich Roberts,
Stephen Douthwaite, Adrian Ferre D’Amare, Jef
Rozenski, Saulius Klimasauskas, Xiaodong Cheng, Tim
Bestor, K.R., J.M.B. and H.G., details to be published
elsewhere). In the new system, a numerical preﬁx describ-
ing a particular modiﬁcation is added to a letter describing
the original unmodiﬁed nucleoside. Thereby, a unique
identiﬁer is assigned for each entity (Figure 1f). In the
case of RNA modiﬁcations this numbering scheme that
is accompanied by a list of synonymous identiﬁers.
Analogous to modiﬁcations, a uniﬁed nomenclature
system for modiﬁcation enzymes has been proposed, ana-
logous to the one previously coined for DNA restriction-
modiﬁcation enzymes (15). Each enzyme name consists of
three parts divided by dots (optionally a suﬃx can be
added). The ﬁrst part deﬁnes the type of enzyme and the
target nucleic acid. The second part deﬁnes the source
organism. The third contains an abbreviation for the
enzyme. The optional suﬃx ‘P’ is included to discriminate
‘putative’ or ‘predicted’ enzymes from genuine enzymes
with experimentally determined functions.
Future prospects
The total number of conﬁrmed modiﬁcations and RNA
modifying enzymes in both cases exceeds over 120 and
140, respectively. There is an overwhelming amount of
experimental information available. Still, there are many
modiﬁed positions in well-characterized RNA mole-
cules, for which the according enzymes are not known.
Moreover, new modiﬁed nucleosides are still being dis-
covered, even for such well-studied molecules like
rRNA. Thus, characterization of RNA modiﬁcation path-
ways appears to be a moving target. In the future,
MODOMICS will become a part of a RNA systems biol-
ogy network. The most recent developments presented in
this article have been coordinated with the RNA Ontology
Consortium (16). MODOMICS will also develop towards
more intense utilization of general pathway resources such
D120 Nucleic Acids Research, 2009, Vol. 37, Databaseissueas KEGG (17) or enzyme databases such as BRENDA
(18), in order to allow both a generic view on the systems
biology of RNA, and detailed information on its
components.
AVAILABILITY
The data are accessible freely for research purposes at the
http://genesilico.pl/modomics. Most of the data is avail-
able for download in plain text formats. Modiﬁed nucleo-
sides are also available as structure ﬁles and images.
Images of pathways are available from the web page.
Program code for parsing the plain text formats is avail-
able on request.
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